Abstract Aberrant and dysregulated inflammation of human blood vessels, or vasculitis, results in narrowing of the vessel's lumen (i.e., stenosis) or aneurysmal wall damage (i.e., sac-like deformity of the vessel wall). This heterogenous group of autoimmune conditions is very rare. The understanding of the potential role of microbiome and infectious pathogens in eliciting immunologic responses and disease pathogenesis is rapidly expanding in many disease states. The precise role of microbiota in vasculitis is yet to be determined, but poses an interesting field of research. Our focus is on the potential role that infections and the microbiome may play in blood vessel inflammation, i.e., vasculitis.
Introduction
Human blood vessels are one of the largest organ systems in the body, reaching every tissue. Their role is not only in carrying blood (irrigating and draining) in and out of these tissues like a complex pipe system, but also serving as a 'home' and transit system for cells of the immune system to organs and tissues including lymphoid sites, where the human defense systems are 'born', 'trained', 'reside', and 'work'.
Aberrant and dysregulated inflammation of these vessels, or vasculitis, results in narrowing of the vessel's lumen (i.e., stenosis) or aneurysmal wall damage (i.e., sac-like deformity of the vessel wall). This heterogenous group of conditions is rare. Our focus is on the role that infections may play in blood vessel inflammation, i.e., vasculitis.
Microbiome and Autoimmunity
The understanding of immunopathogenetic mechanisms of many diseases is ever expanding, and in the past few years, so has the understanding of the role of the microbiome and infections in eliciting immunologic responses, disease pathogenesis, metabolism, and prevention of autoimmunopathogenesis. The precise role of microbiota in disease processes is yet to be determined, but poses an interesting new field of research because of the potential for autoimmune or allergy pathology if disrupted or unbalanced. To understand the potential role that bacteria and the microbiome might play in vasculitis, it is important to review what is known about this relationship in other inflammatory diseases.
There are specific diseases in which microbiome disruption (dysbiosis) is linked to the pathogenesis, for example, chronic inflammatory bowel disease (IBD), celiac disease, multiple sclerosis, and asthma. More recently, there have been proposed links to cardiovascular disease, obesity, metabolic syndrome, type 1 diabetes mellitus, and rheumatoid arthritis (RA). [1, 2, 3••] In other instances, specific infections and the homeostatic disruption caused by these infections are wellknown etiologies for diseases, such as Whipple disease, reactive arthritis, and hepatitis-C related vasculitis.
The microbiota is defined as the collection of commensal microorganisms (bacteria, fungi, viruses, protozoa) that resides in a larger multicellular host, in our case the human body. These organisms colonize the skin, mouth, gut, and vagina soon after birth. [3••] The normal adult microbiota of humans or mice consists of diverse species reaching densities of up to 10 12 bacteria per gram content in the large intestines alone. [1] It is estimated that this microbiota outnumbers human cells by 10-fold [4] .
Several studies have attributed protective or proarthritogenic roles to Gram-negative enterobacteria (strains of Escherichia coli and Bacteroides species) when introduced into otherwise germ-free (GF) arthritis-prone rats. [2, [5] [6] [7] [8] Other studies have revealed the importance of the microbiome including that of Round et al., who studied GF (or sterile) mice and found that those mice without pathogenic and beneficial microorganisms had poor gut-associated lymphoid tissue, fewer and smaller Peyer's patches and mesenteric lymph nodes, and under-developed isolated lymph nodes. In these GF mice, intestinal epithelial cells, which line the gut and form a physical barrier between the luminal surface contents (including the microbiota) and the underlying cells of the immune system, may have alterations in their many immunologic functions, such as secretion of cytokines, expression of major histocompatibility complex molecules, Toll-like receptors (TLRs), and a profound reduction in levels of secretory immunoglobulin A (IgA, one of the first defense mechanisms in the gut), among others. Hence, these GF mice are more susceptible to infections by certain pathogens. Microbiota in the gut contributes to TLR signaling, resulting in the development of T-helper (Th) 17 cells, that produce various proinflammatory cytokines including interleukin (IL)-17A, IL-17F, IL-21, and IL-22, and tumor necrosis factor (TNF)-β. Th17 cells affect a broad range of immune and non-immune cells, playing a mayor role in the homeostasis of the gut cells and antibody formation. Th17 cells are implicated in inflammatory conditions such as RA, psoriasis, psoriatic arthritis, ankylosing spondylitis, and multiple sclerosis. Studies suggest that different subsets of Th17 can be induced by different microorganisms, resulting in diverse effects. For example, filamentous bacteria can induce Th17 cells that benefit mucosal immunity, as opposed to pathogenic Bacteroides fragilis that can induce Th17-promoting colitis (colon inflammation) and tumor formation [3••, 9••, 10, 11] .
RA is a disease characterized by inflammation of the tissue (synovial membrane) that lines the joints, leading to invasion and subsequent destruction (if left untreated) of the joint cartilage and bone. A review of historical texts, epidemiologic studies, and paleopathologic studies suggests that RA (as well as other inflammatory and autoimmune diseases) is a relatively new disease when compared with gout and osteoarthritis. Researchers hypothesize that its appearance and geographic predominance may be, in part, caused by transmissible pathogens found in oral and intestinal flora as a direct consequence of a Western lifestyle and obesity. Periodontal pathogens such as Porphyromonas gingivalis have been associated with and may explain autoantibody formation and joint inflammation underlying RA. [2, 12] The plaque biofilm formed by organisms associated with periodontal disease (such as gingivitis) stimulates the immune cells within the oral cavity, resulting in the release of cytokines such as IL-1β, TNF-α, and IL-6, resulting in the production of collagenolytic enzymes such as matrix metalloproteinases. Cathepsins and osteoclast activation contribute to bone resorption, and macrophage colonystimulating factor is also involved. Other microbial factors presumably involving the inflammatory pathogenesis are bacterial DNA, CpG motifs, heat shock proteins (HSP), and lipopolysaccharides. Microbiota can also affect regulatory T cells (Treg), which are essential for maintaining gut homeostasis, through immunosuppressive cytokines (IL-10, IL-35), and inhibition of effector T cells. Some studies have shown that commensal bacteria can induce CD4+ T cells, which differentiate into Treg that enforce bacteria-specific immune tolerance. Defects related to these Treg are associated with IBD, RA, psoriasis, and multiple sclerosis [12] [13] [14] [15] [16] [17] .
Another subset of inflammatory arthritides classically associated with gut dysbiosis is spondyloarthritides (arthritis commonly affecting the spine and peripheral joints including IBD-related arthritis and reactive arthritis), Whipple disease (Thropheryma whipplei present in the small intestine), and jejunoileal bypass-associated arthritis [2, 18, 19] .
Reactive arthritis (formerly known as Reiter syndrome and/ or Fiessinger-Leroy syndrome), a type of spondyloarthritis, arises after certain types of gastrointestinal (Salmonella, Shigella, Campylobacter, and Yersinia) or genitourinary infections (Chlamydia trachomatis) in genetically susceptible persons. Other pathogens have been described, such as Chlamydophila pneumonia (respiratory tract), Ureaplasma ueralyticum, Helicobacter pylori, E. coli, and Clostridium difficile. The shared feature of these Gram-negative bacteria pathogens is the lipopolysaccharide cell wall component. In Chlamydia-induced reactive arthritis specifically, HSP, especially HSP-60, are a hallmark feature of the persistent form of this synovial-based organism. These HSPs appear to play a key role in the immunogenesis by preventing apoptosis [18] . TLRs also play an important role in reactive arthritis as they recognize the pathogens and activate the immune cell response. Specifically, TLR-4 recognizes the LPS of the microbial cell wall [18, [20] [21] [22] [23] .
Role of Infectious Agents in Vasculitis
The term vasculitis is used to refer to necrotizing or nonnecrotizing inflammation of the blood vessel walls, which can result in damage to the affected vessels and also the end organs, i.e., those that are irrigated or supplied by the inflamed vessel. For example, kidney failure results if the renal vessels are affected, and lung hemorrhage or inflammation result if the pulmonary vasculature is affected. If the blood vessel is imagined as a tube or cylinder, the inner wall directly in contact with the blood flow is the intima lined with endothelial cells, followed outwardly by the media, with the adventitia forming the most external layer of this tube.
The large group of systemic diseases that comprise the vasculitides is heterogeneous, but they are considered to have a common autoimmune pathogenic process with overlapping features. These conditions have been studied as early as 1554 when Antoine Saporta described inflammation and aneurysmal dilation of the aorta secondary to syphilis [24] .
Depending on the presence of a known underlying inflammatory process or primary rheumatologic disorder, the vasculitides can be referred to as primary (e.g., granulomatosis with polyangiitis, formerly known as Wegener granulomatosis) and secondary (e.g., vasculitis secondary to systemic lupus, RA, infections, drugs, or malignancy). Despite being called primary vasculitis, the exact mechanisms responsible for unleashing the autoimmune cascade involving the complex immunopathology including upregulation of major histocompatibility complex class II antigens, expansion of T cells, and production of cytokines, is poorly understood. Infections have been hypothesized to play a role [23, 25, 26, 27•] .
The mechanisms by which pathogens result in vascular inflammation can be separated into two categories: one is by direct pathogen invasion of the vessel wall; the other is by immune-mediated injury to the vessel wall. Microorganisms can produce direct wall damage by inducing smooth muscle cell (SMC) proliferation and migration, inhibiting apoptosis of the SMCs; endothelial dysfunction (induction of procoagulants, inhibition of vessel dilation); and increasing reactive oxygen species, cytokines, chemokines, and cellular adhesion molecules. These changes are seen in atherosclerotic disease as well as vasculitis. The proposed mechanisms of immune-mediated vascular damage induced by microorganisms include a complex interaction involving immune complexes, molecular mimicry, secretion of cytokines, superantigens, anti-neutrophil cytoplasmic antibodies (ANCAs), autoantigen complementarity, and T-cell-mediated damage [23, 28] . These mechanisms are discussed later.
Diagnostic criteria for clinical use are lacking for this rare group of rheumatologic disorders. The 1990 American College of Rheumatology (ACR) Criteria for the Classification of Vasculitis [29] was intended to differentiate seven forms of adult vasculitides based on clinical and laboratory findings. However, these were intended primarily for research purposes. Later in 1994, the Chapel Hill Consensus Conference (CHCC) on the Nomenclature of Systemic Vasculitis expanded on the ACR criteria, by grouping the vasculitides according to the size of the predominantly affected blood vessels (small, medium, or large), underlying histoimmunopathology (i.e., whether granulomas, necrotizing inflammation, or IgA deposits were found, to name a few), and the presence of ANCAs (autoantibodies mainly IgG type directed against the cytoplasm of neutrophils and to a lesser extent monocytes) with the purpose of finding appropriate nomenclature for the most common type of primary vasculitides [30] .
In 2012, the CHCC convened again to expand on the original nomenclature, to include secondary forms of vasculitides, and replace wherever possible eponyms with new terminology that would better reflect the underlying pathophysiology [31, 32] .
This CHCC nomenclature excludes infectious vasculitis; those that have an established purely infectious cause such as rickettsial vasculitis, syphilitic aortitis, and Apergillus arteritis, but does include those vasculitic processes in which an infection has unleashed a potentiated immunologic response, e.g., hepatitis C cryoglobulinemia [31] .
It is not yet known why some vessels are affected and others are not, or why even those of the same caliber can be unequally injured. It is possible that the embryonic origins of the endothelial cells, as well as the type of organ parenchymal cells and distinct substrates may determine the pattern of susceptibility. Other factors that are thought to determine the variability in cellular response to injury are the different membrane proteins, such as adhesion molecules and TLRs of the dendritic cells [25] .
Following the 2012 CHCC nomenclature, we discuss the major adult vasculitides according to the predominantly affected blood vessels (small, medium, and large, keeping in mind that any category can affect any size artery), common histopathology, shared immunologic mechanisms, and common perceived infectious associations when present.
Large-Vessel Vasculitides
Takayasu arteritis and giant cell arteritis (GCA, also known as temporal arteritis) both affect the large blood vessels, meaning the aorta and its major branches, none of which are inside organs. Their pathogenesis differs though, in that GCA is a granulomatous type of inflammation typically found in older persons, and affecting more peripheral blood vessels, such as the third to fifth branches of the aorta; whereas Takayasu arteritis typically affects a younger population, occurring in the aorta and its primary branches, and granulomas are not a part of the histopathology. However, recent evidence suggests both could be just different manifestations of vessel involvement within the same spectrum of disease. Because the larger vessels are more challenging to sample (e.g., the aorta in a young patient affected by Takayasu arteritis), and because the large-vessel vasculitis model is more difficult to reproduce in small animals, more is known about GCA, as samples from the temporal artery are easily accessible and routinely biopsied. Despite temporal artery biopsies being more readily available, many of the studies on candidate pathogens for GCA are small cohorts using targeted methods and have not been reproduced [33, 34•] .
The location within the arterial vessel wall where the immune reaction occurs, the adventitia, is composed of dendritic cells, endothelial cells, vascular SMCs, elastic membranes, matrix, and fibroblasts; these interact with other parts of the immune system, composed of T cells and macrophages, mediated by cytokines, IL-6, IL-17, IL-12, and interferon-γ. It is thought that, in vasculitis lesions, the TLRs in the dendritic cells recognize antigenic lipopolysaccharides (present in Gram-negative bacteria), thereby activating the dendritic cells. CD4+ T cells are recruited to the affected vessels, as are macrophages. It is these macrophages that when highly activated and aggregated are called histiocytes and arrange themselves into granulomas surrounded by T cells. Another component of this is HSP, which induce TNF-α by macrophages, and IL-1 messenger RNA and IL-6 expression by endothelial cells and SMCs [23, 33, [35] [36] [37] .
A 1999 study suggests a role of parvovirus B19 in GCA, after a statistically significant amount of temporal artery biopsies was positive for parvovirus B19 DNA polymerase chain reaction analysis. Although the authors mention that this link may be etiologic, a coincidental co-infection could not be ruled out entirely, and larger subsequent studies have not confirmed earlier reports [23, 38] .
Because GCA tends to affect older persons and this population tends to have latent herpesvirus infections, and because varicella zoster virus can lead to T-cell-mediated inflammation, this virus has been deemed a potential trigger. In a 2001 study, Mitchel et al. detected varicella zoster virus DNA in statistically significant, temporal artery biopsy samples, compared with controls, but at the same time the virus was present in low quantities, abortively replicating or found to be latent, and therefore a clear etiology could not be established. Negative studies have been reported for cytomegalovirus, Epstein-Barr virus, HHV-6, HHV-7, and HHV-8. [23, [39] [40] [41] [42] Very recently, another organism with a possible association with GCA is a Burkholderia-like bacterium (named Bp-GCA) that has been isolated from temporal artery biopsies in patients with GCA, using 16S ribosomal RNA gene sequencing. Further studies are required to expand on this topic [43] .
Bhatt et al. did not find any consistent pathogen associated with GCA after performing DNA sequencing of the temporal artery biopsy specimens in patients with GCA. Propionibacterium acnes and E. coli were identified in 16 of 17 samples (the 17 samples included 12 GCA and five control samples), and Moraxella catarrhalis in one control sample [34•] .
No solid evidence has supported an association between streptococcal, mycobacterial, and spirochete infections in Takayasu arteritis, although recent studies have shown a correlation between mycobacterial HSP-65 and human HSP-60 reactive T cells, suggesting an infectious etiology [44, 45] .
Currently, the cornerstone of treatment for large-vessel vasculitis (i.e., GCA, Takayasu arteritis) remains glucocorticoids, which aim to halt the progression of the inflammatory insult to the vessel wall. Anti-metabolite treatments (e.g., methotrexate, cyclophosphamide) have also been used in cases that are resistant to glucocorticoid therapy. Biologic therapies, particularly anti-TNF inhibitors (e.g., infliximab), have shown efficacy in controlling refractory cases of Takayasu arteritis. More recently, an anti-IL-6 inhibitor (e.g., tocilizumab) has been reported to be a promising treatment for large-vessel vasculitides. [46] While all the therapies can be effective in symptomatic relief of vascular inflammation, the limited knowledge on the etiopathogenesis or substrate of large-vessel vasculitides hinders the development of targetspecific treatment or better preventative remedies.
Medium-and Small-Vessel Vasculitides
Polyarteritis nodosa (PAN) and mixed cryoglobulinemia are classic examples of virus-associated vasculitis due to hepatitis B virus (HBV) and hepatitis C virus (HCV), respectively. PAN is a rare necrotizing inflammation of medium-sized artery walls that leads to aneurysm formation. In a number of patients, it is due to HBV infection, with a declining incidence owing to the screening of blood products, and vaccinations. In PAN, HBV induces immune complex deposition on the vessel walls, resulting in vessel damage mediated by activation of the complement pathway, coagulation cascade, activation of endothelial cells, and chemotaxis (attraction) of other inflammatory cells. Treatment of the viral infection halts the viral replication thereby halting the autoimmune mechanism, while also allowing for immunosuppressive treatment to be instated. This has resulted in improved prognosis for virus-associated PAN [23, 27•] .
Others have suggested that microbes associated with PANlike syndromes include streptococcal species, Klebsiella, Pseudomonas, Yersinia, Toxoplasma gondii, and rickettsia, among others. A form of limited cutaneous PAN has been associated with streptococcal infection, and Mycobacterium fortiutum [44, 47, 48] .
The human immunodeficiency virus can cause necrotizing inflammation of any size vessel; this rare manifestation can resemble either GCA, Kawasaki, PAN, or small-vessel vasculitis. It may arise from the infection itself (possibly due to an excess of CD8 cells) or secondary to an opportunistic infection (when CD4 T cells are <200 cells/mL) such as cytomegalovirus, varicella zoster virus, Toxoplasma gondii, and Pneumocystis jiroveci [49] [50] [51] .
Small-vessel vasculitides is another heterogeneous subset characterized by the presence of ANCA-induced activation of neutrophils and monocytes, resulting in inflammation of vascular and extravascular sites. It is currently believed that an inflammatory stimulus (e.g., infection, drugs) primes circulating neutrophils and monocytes to display these autoantigen ANCAs at or near the cell surface, and the interaction between the antigen and ANCA results in neutrophil activation and the inflammatory cascade that ensues. Another theory, known as the autoantigen complementarity, proposes that microbial structures complementary to ANCA can elicit similar responses [23] .
Small-vessel vasculitides can be further categorized. The first type is granulomatosis with polyangiitis (GPA, formerly known as Wegener granulomatosis) if there is histologic evidence of granulomatous inflammation without asthma history. In microscopic polyangiitis (MPA), there is no granulomatosis or history of asthma. Eosinophilic granulomatosis with polyangiitis (EGPA, also known as Churg Strauss syndrome) includes granulomatosis with a history of asthma with or without peripheral blood eosinophilia. [31, 52] Certain clinical features also help differentiate the different subtypes of small-vessel vasculitis.
Two main autoantigen targets of ANCA are identified; myeloperoxidase and proteinase 3 (PR3). Others include elastase-specific ANCAs described in ANCA vasculitis secondary to levamisole-laced cocaine, and lysosomal-associated membrane protein 2 (LAMP-2) ANCAs, which in a study by Kain et al. was present in pauci-immune necrotizing glomerulonephritis (a form of vasculitis limited to the kidney) [52] [53] [54] [55] .
The induction of pathogenic ANCAs is likely multifactorial, in that a combination of a stimulus (infection or drug) in the setting of impaired immune regulation and/or suppression triggers an autoimmune response or dysregulation of genomic expression of autoantigens resulting in vascular inflammation. [52] Several microbes have been implicated in the induction of ANCA vasculitis, such as Staphylococcus aureus and Ross River virus. However, it is thought that there is an immunologic response to autoantigen complementary peptide structures within these organisms, in patients with genetic, human leukocyte antigen-binding sites that recognize these complementary proteins (e.g., HLA DRB1*15 allele is overrepresented in African American patients with PR3-ANCAassociated disease). It has been proposed that Staphylococcus aureus express superantigens, proteins that can stimulate large numbers of T cells, and may also stimulate B cells. [23, 52, [56] [57] [58] [59] [60] Some data support infectious triggers for GPA but not MPA, in light of the cyclical incidence pattern; identification of nasal carriage of S. aureus in patients with GPA relapse [61] .
In an aforementioned study by Kain et al., there was microbiologically confirmed infection with fimbriated pathogens (E. coli and K. pneumoniae) in 69 % of the patients, weeks before presentation with pauci-immune necrotizing glomerulonephritis. [55] The murine experiment was based on the premise that the bacterial adhesion FimH has complete homology with the human LAMP-2 epitope, which in turn cross-reacts with ANCAs. Thus, rats immunized with FimH resulted in necrotizing glomerulonephritis resembling ANCAassociated glomerulonephritis in humans. [55] This experimental murine model was unable to be reproduced by Roth et al. in humans [62] .
Though in some instances the causal association between infection and vasculitis is clear, the reasons why these infections have tropism to the vascular tissues they affect are less apparent. Organisms can use distinct proteins and structures that allow for adhesion and attachment to gain cell entry. The parenchymal cells that characterize each organ containing the endothelial cells may have defense mechanisms to promote or limit these infections once they have gained cell entry, e.g., defensins, cathelicidins [25] .
In experimental murine models, infections with gamma herpesvirus 68 or cytomegalovirus were demonstrated in those mice with defects in the interferon-γ pathway. Persistent viral replication resulted in inflammation of the aorta, and in a post-mortem analysis, clearance of the virus occurred with the exception of the vascular SMCs of the aortic root, which may be because of the site-specific immune response of this vessel [63] [64] [65] .
Current therapeutic management of small-vessel vasculitis (e.g., GPA, MPA, EGPA) includes the induction of remission using immunosuppressive agents including cyclophosphamide, rituximab, or methotrexate. These are used in conjunction with high-dose corticosteroids. Once remission is achieved, maintenance of remission is achieved by using less toxic immunosuppressive therapies such as azathioprine, methotrexate, or mycophenolate mofetil. Similar to large-vessel vasculitides, there are no target-specific treatments that address the pathogenic cause of the disease. Interestingly, long-term use of trimethoprim-sulfamethoxazole (Bactrim) has been shown to prevent the relapse of upper airway regions in GPA patients. Although it was not clear how the antibiotic exerts its effect, some postulated it could be attributed to a reduction in nasal and upper airway colonization of S. aureus.
HCV can cause cryoglobulinemia, which in turn may result in necrotizing vasculitis of the small-sized vessels of the skin, peripheral nerves, and renal glomerulus; it also affects the lung, gastrointestinal tract, and medium-sized vessels. Cryoglobulinemia can occur in up to 40-60 % of infected patients, and vasculitis can occur in less than 5 % of infected patients. [66] The mechanisms by which HCV and cryoglobulins result in vasculitis might involve predilection of IgM RF for the mesangial matrix, antibody-specific complement-mediated mechanisms, resulting in vascular adhesion molecule up-regulation and platelet aggregation and up-regulation in the expression of TLR 3 and mRNA for chemokines, which in turn may attract inflammatory cells (lymphocytes, monocytes). [25, 67, 68] As in HBV-related PAN, the HCV-associated cryoglobulinemic vasculitis treatment consists of antiviral agents along with traditional immunosuppressants (corticosteroids and rituximab, an anti-CD20 monoclonal antibody), and plasma exchange [27•] .
Other Infections Resulting in Vasculitis
Other organisms implicated in vasculitis include cytomegalovirus, erythrovirus B19 (formerly parvovirus B19), varicella zoster virus, human T-cell lymphotrophic virus-1, Mycobacterium tuberculosis, and syphilis. The latter two classically affect the aorta, resulting in aortitis. Aortitis and cerebrovascular disease associated with syphilis and rickettsial diseases can mimic the aforementioned primary systemic vasculitides. In particular, intracellular pathogens such as mycobacteria and fungi can elicit granulomatous inflammation mediated by CD4+ T cells and macrophages, similar to that seen in GPA and GCA [23, 51, [69] [70] [71] [72] [73] [74] [75] .
Conclusion
With the exception of the well-established associations between infections and vasculitis (HBV-and HBS-associated vasculitis), and infections and other inflammatory conditions (e.g., reactive arthritis), the role of the microbiome and infections in the primary vasculitides remains largely unknown. The immunopathology is well described in many of the vasculitides, but how this process is triggered, and the reason for site-specific inflammation is poorly understood. The quest to determine specific bacterial etiologic triggers has been hampered by several factors. Reproducing these vasculitides in animal models is difficult and often may not be feasible, retrieval of an organism in affected organ tissues does not prove causality, and contamination of biopsy specimens may result in confounding results. This is a constantly evolving and expanding field that shows promise. Identifying infectious triggers can aid in prevention and in the improvement of treatment modalities.
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